The behavior of different materials under macrotribological and nanotribological conditions has been compared. The materials, hydrogenated amorphous diamondlike carbon, highly ordered pyrolitic graphite, and mica, were submitted to a fretting test ͑macrotribological behavior͒ and a combined atomic force microscopy/lateral force microscopy ͑AFM/LFM͒ ͑nanotribological behavior͒. The coefficient of friction in the macroscopic regime under fixed experimental conditions considerably changed with the test duration, whereas the friction coefficient measured from the nanoscopic regime was relatively constant during the test. In the macroscopic regime, evident wear, elastoplastic deformation, and material transfer were noticed, while in the nanoscopic regime under the used testing conditions no wear phenomena were observed. The coefficient of friction showed some dependence on the amplitude and frequency of lateral movement of the sample relative to the counterbody in both the fretting and AFM/LFM tests as well as on the normal load in the fretting test. This work leads to the conclusion that although some similitudes could be found, the macrotribological behavior of materials cannot simply be related to their nanotribological behavior due to the different wear and friction processes.
I. INTRODUCTION
In macrotribology friction and wear between two sliding surfaces are studied in macroscopic contacts.
1 Friction is generally accompanied by elastic and plastic deformation, wear, and even fracture on the contact surfaces.
The interest in manufacturing of micromechanical systems has given a strong stimulus to the nanotribology.
2,3
With scanning probe microscopy such as scanning tunneling microscopy ͑STM͒, 4 atomic force microscopy ͑AFM͒, 5 and lateral force microscopy ͑LFM͒ or friction force microscopy, [6] [7] [8] an experimental approach of the nanotribology regime can be realized. LFM with a bidirectional position-sensitive detector allows both normal and lateral forces to be detected simultaneously. 9, 10 In nanotribology, visible wear may not always be the case depending on the contact pressure. 3 Mate et al. 6 have observed that the frictional force on a tungsten tip sliding on the basal plane of graphite at small loads (Ͻ10 Ϫ4 N) under ambient air displays features with the atomic periodicity of the surface. A coefficient of friction of 0.012 could be extracted from the slope of the average friction force/normal load curve. It was also noticed that the friction forces are quite different from one form of carbon to another. 11 A friction coefficient of about 0.09 between a tungsten tip and muscovite mica has been reported. 12 By sliding samples against a Si 3 N 4 tip and considering the slope of the force curves as the coefficient of friction, Bhushan et al. 13 measured a coefficient of friction of 0.006 on the basal plane of a highly oriented pyrolytic graphite ͑HOPG͒ sample. Jiang et al. 14 have found a critical point on the friction/normal loading force curve when a sharp diamond tip slides on a solid surface. Neubauer 15 observed a stick-slip in friction experiments on a range of material combinations using a cantilever made from tungsten wire with a diamond tip glued to the end of the cantilever. Kaneko et al. 7 reported significantly higher values in friction using a STM with a tungsten tip sliding on a carbon sputtered surface. For instance at an extremely low load, a friction coefficient of infinity was obtained according to its conventional definition.
II. EXPERIMENTAL DETAILS
Force measurements were carried out with a commercially available AFM/LFM ͑NanoScope III, Digital Instruments͒. The samples studied were a-C:H coating, mica, and HOPG samples. The mica and HOPG samples were freshly cleaved just before exposure to the test. The measurements were performed under laboratory atmosphere ͑20°C, RH 50%͒ with Si 3 N 4 triangular cantilevers without lubrication.
Tests with a normal force ranging from several nN to hundreds of nN, a lateral scan size of 1 m and a lateral scan rate of 3 Hz were carried out. For the mica and HOPG samples, the coefficient of friction was also measured in tests with a scan rate ranging between 0.5 and 61 Hz and lateral scan sizes between 10 nm and 12 m. The maximum lateral scan size along the xy plane for the piezo tube used is about 12.5 m.
The procedures of the normal and lateral force measurements were explained elsewhere. 16 Here, only an abbreviated description will be reproduced. The total normal force acting on the cantilever tip is composed of two parts: the cantilever normal bending force and the adhesive force between the tip and the sample surface. The z piezo displacement, after the cantilever tip and the sample surface have been made contact, is measured from two points of the retrace line intersected by the setpoint line. Figure 1 shows that the cantilever is positively deflected in the repulsive mode ͑the segment between 4 and 5 or between 5 and 6͒ and negatively bent in the attractive mode ͑the segment between 6 and 7͒. The adhesive force is taken as constant and measured as the maximum negative bending force of the cantilever. In the attractive mode, the adhesive force will be counteracted by the negative deflection of cantilever.
In the normal force measurement, the cantilever deflection is measured as a function of the sample displacement towards the tip. The normal force is derived by multiplying the cantilever normal bending by the normal bending elastic constant of the cantilever. The friction force is equal to the average lateral force determined from a lateral force loop online recorded when measured at a scan angle of 90°. According to the definition of the coefficient of friction, namely the ratio of the friction force to the normal force, different types of coefficient of friction may be distinguished in terms of the cantilever normal bending force, the adhesive force between the cantilever tip and the sample surface, or the total normal force. Formulas ͑1͒ and ͑2͒ and the calibration results previously obtained 16 have been used to calculate the friction force and the coefficient of friction.
where S input is the input sensitivity of the AFM/LFM, k t and k are the cantilever torsion and normal bending elastic constants, respectively, h and t the tip height and cantilever thickness respectively, C n is a constant of the cantilever to be used, the sensitivity ratio between the AFM and LFM photodiode pairs, and S (AϩB) the normal force curve sensitivity, is the coefficient of friction, F t is the lateral force or friction force and F total is the total normal force consisting of F bend ͑the normal bending force͒ and F ad ͑the adhesive force͒, d trace is the voltage difference between the trace and retrace signals of a lateral force loop. 16 A number of fretting tests on the mica, HOPG and a-C:H samples against a Si 3 N 4 ball of 9.56 mm diameter were carried out. The fretting test consists of a lateral tangential oscillatory movement with a small displacement stroke of the sample against the counterbody.
17 Details of the test setup have been given elsewhere. 18 Tests were carried out with a lateral tangential displacement ranging between 20 and 100 m, an oscillation frequency ranging between 2 and 8 Hz, and a normal load ranging between 1 and 15 N in a laboratory atmosphere ͑20°C, RH 50%͒ without lubrication. The coefficient of friction ͑ratio of an average friction force to the normal force͒ is calculated as the integral of the tangential force-displacement loop divided by twice the displacement stroke and the applied normal load.
For the calculation of the radius of contact area and the maximum contact pressure at the center of contact area, a Hertzian elastic contact has been assumed. Owing to the surface roughness, the contact between two surfaces occurs only at some spots. The normal load applied to the contacting surfaces causes asperities to deform elastoplastically and the separation between surfaces and the real contact area to vary, 19 ,20 which will not be considered in the calculation of contact area and contact pressure in this study. The cantilever tip of the AFM/LFM can be treated as a single sharp asperity with a rounding of ϳ50 nm. However, some smaller scattered asperities such as the atom groups protruding from the tip surface may influence the frictional behavior at the beginning of the measurement. Such effects will also not be considered in this work.
III. RESULTS AND DISCUSSION
In the AFM/LFM measurements, the total normal force between the sample surface and the cantilever tip is mainly composed of the adhesive force and the cantilever normal bending force. The friction force is proportional to the total normal force, F t ϭF total ϭ(F ad ϩF bend ) supposing equal to the slope of the friction force versus total normal force curve. Depending on the surface conditions of the counterfaces, a tripping force may be introduced into the contacting surfaces in the friction test with the AFM/LFM, which then leads to a waviness of the lateral force loop and an increase in the average friction force. The friction force can also be related to the shear strength of the contacting points. 21 When the friction force is plotted against the total normal force or the cantilever normal bending force ͑Fig. 2͒, linear relationships are observed. It should be noted that the two curves are parallel to each other, which is a direct result of the assumption of a constant adhesive force maintained during the measurements. The difference between the two offset values corresponds to the adhesive force. The effect of adhesive force on the friction has been analyzed elsewhere. 22 The slope of the curves is taken as the coefficient of friction.
If no wear is evident, the running-in stage and steady state may not be distinguished from each other. The friction force is therefore expected to be a constant value for a fixed set of experimental conditions such as the normal contact force and the lateral scan rate and scan size. In case the contact pressure at the sharp asperities is sufficiently high, wear or material transfer may also happen.
2, 6, 23 In this study no such phenomena have been found. The lateral tangential force-displacement loop of a fretting test is similar to the lateral force loop measured during a AFM/LFM test. It is therefore used for a comparative study with the AFM/LFM test. The frictional behavior at the running-in stage of each fretting test is significantly distinct from the one at the steady regime due to the change of surface roughness, wear, and accumulation of wear debris during the test. It means that the initial frictional behavior corresponds to the surface conditions of the counterfaces prior to exposure to the fretting wear test. The friction force and the coefficient of friction gradually approach the stable value of the steady state. If material transfer happens during fretting, the contacting surfaces may strongly influence the frictional behavior.
In the fretting tests, the coefficient of friction of the a-C:H coating and HOPG sample corresponding to the steady state decreases with increasing normal load due to elastoplastic deformation, wear, materials transfer, and an increased real area of contact ͑Fig. 3͒. The HOPG sample shows a more explicit dependence on the normal load. Further, the sticking effect becomes significant when a high normal load is applied, for instance, a normal load higher than 10 N for the a-C:H coating and higher than 7 N for the HOPG sample under the present test conditions. Rabinowicz 24 has also noticed that the friction coefficient decreases with increasing normal force in a macrotribology study. Two explanations have been presented. The first one uses a relationship between the normal force, F N , and the friction coefficient, : ϭCF N Ϫn with 0рnϽ0.33 as explained by Archard. 25 The fact is that the contact area of a single asperity is proportional to F N 2/3 in a Hertzian ͑elastic͒ contact under a normal force, F N . And the tangential force required to shear the contact is proportional to the contact area. Then the ratio of tangential force to normal force is proportional to F N Ϫ1/3 . While in a plastic contact, the contact area of asperity is proportional to the normal force, therefore the ratio of tangential force to normal load is a constant. For a general elastoplastic contact, the ratio of tangential force to normal force is proportional to F N Ϫn with 0рnϽ0.33. The second explanation as proposed by Chang et al. 26 is as follows. In the medium or high load range, contacting asperities that have already failed due to the normal load cannot resist any additional tangential force. The ability of the other contacting asperities to resist tangential force decreases as the normal load increases. In the low load range another phenomenon may take place. The actual contact load in the real area of contact differs from the normal load by the amount of intermolecular forces, namely the adhesive force, acting between the surfaces in contact.
In macrotribology with a pin-on-disk or ball-on-disk contacting geometry, the applied normal load is generally measured as the total normal force. The adhesive forces contributing to the normal force are in most cases ignored, because it is small compared to the applied load. When the normal load is medium or high, both explanations above mentioned may be active. When the normal load is reduced to a very low value, the addition of the adhesive forces to the total normal forces gradually becomes meaningful. In the Frank and van der Merwe 27 and Bak 28 models, the importance of lattice registry between two contact surfaces was suggested, and the phenomenological insight regarding atomic interaction between two solids was provided. McClelland et al. 29 suggested that the atomic-scale friction coefficient may be quite low because the maximum lateral forces are only about a tenth of the interfacial bond strength, which may be in support of the hypothesis of the effects of adhesive forces. With AFM/LFM, the adhesive forces can be monitored quantitatively. If the adhesive force is omitted, a nonlinear relationship between the coefficient of friction and the normal force exists. 22 The coefficient of friction decreases with an increasing cantilever normal bending force. It should be noted that the friction in the fretting test is generally accompanied by wear. 30, 31 The friction, therefore, changes with test duration, or as an equivalent, the number of fretting cycles. While in the AFM/LFM test with only elastic deformation and absence of wear, no change of friction with test duration is expected. Therefore, only the coef- The coefficients of friction of HOPG or mica at different lateral scan sizes and scan rates derived from the relationship between friction force and total normal force in the AFM/ LFM measurements ͑Figs. 6 and 7͒ are generally lower than the initial values of corresponding materials in the fretting tests with different oscillatory frequencies and lateral tangential displacement strokes ͑Figs. 4 and 5͒.
Concerning the scan rate, there seems to be a saturation scan rate depending on the scan size. Before the saturation, the friction force increases with increasing scan rate. After saturation, the friction force will no longer increase with increasing scan rate and a plateau can therefore be observed. In the fretting tests, no saturation oscillatory frequency has been noticed in the range of frequencies selected.
A possible explanation for the different tendencies in the change of friction force with oscillatory frequency in the fretting test and with lateral scan rate in the AFM/LFM measurement follows. In the fretting test, ploughing can be one of the main friction mechanisms. With a higher oscillatory frequency in the fretting test, the counterbody could obtain a higher kinetic energy, which makes the movement easier and ploughing effects reduced. For the AFM/LFM test, the cantilever has an extremely light mass. The increase of kinetic energy with the increasing scan rate may not be so significant, at least for the lower scan rate. The adhesive force becomes more important in the AFM/LFM measurement. At a lower scan rate, there is sufficient time to break the contacting points caused by the interaction force. With the increasing scan rate, the time for breaking the contacting points is limited, leading to a larger cantilever torsion ͑stick-ing effect͒. The saturation scan rate means that when torsion increases to some extent, the higher lateral tangential force can shear the contacting points or that there is not enough time to build up the strong interaction at contacting points at a high scan rate. It is noticed that the initial coefficient of friction for HOPG obtained from the fretting tests and corresponding to the atomically smooth surface of HOPG is quite low ͑around 0.03͒. Such values are comparable with the results ͑0.001-0.01͒ from the AFM/LFM measurements. Then the coefficient of friction is well developed with the increasing fretting cycles. The development of delamination platelets and periodic removal of the platelets and material transfer may be responsible for such behavior ͑Fig. 8͒. Examination reveals the material transfer of graphite to the counterface and form an adherent deposit on the counterface in the contact. Therefore the values from the fretting tests after the sample surface was worn are not comparable to the AFM/LFM results.
The mica sample against Si 3 N 4 material in both fretting tests and the AFM/LFM measurements shows similar tendency as the HOPG sample. a Coefficients of friction in the brackets were obtained from the slope of the fitted friction force/total normal force curve at a lateral scan size of 1 m and a lateral scan rate of 3 Hz. For the friction force versus lateral scan size for mica and HOPG, it seems that the coefficient of friction increases with increasing lateral scan size at the same lateral scan rate. As a comparison in the fretting test, the coefficient of friction also shows an increasing tendency with the increasing lateral tangential displacement stroke at the same oscillatory frequency, especially, the mica sample shows a stronger tendency. According to the scanning velocity of the sample surface sliding against the counterbody, such a tendency seems to be not in agreement with the relationship between the coefficient of friction and the lateral scan rate in the AFM/ LFM test or between the coefficient of friction and the oscillatory frequency in the fretting test. However, the sticking effect occurring in the oscillatory movement should be taken into account. With the decreasing lateral scan size in the AFM/LFM measurement or lateral tangential displacement amplitude in the fretting test, the contribution by the stick due to the static friction effects at each reversal point at each lateral force loop obtained from the AFM/LFM test or at each tangential force-displacement loop measured in the fretting test can be expected to play an increasingly important part. By analyzing the tangential force-displacement loops measured on the sample against a Si 3 N 4 ball in the fretting tests, the stick effect is more evident for the mica sample than for the HOPG, especially when the scan size is reduced to a small size like 20 m. Such stick effects can be used to explain the disagreement when the coefficient of friction is interpreted with the lateral scan size or lateral tangential displacement amplitude or with the lateral scan rate or oscillatory frequency.
As a comparison, the coefficients of friction of the investigated samples against a Si 3 N 4 ball together with those obtained from the AFM/LFM tests are summarized in Table  I, the material properties in Table II , and the test conditions for a ball-on-flat geometry in Tables III and IV. The radius of the contact area and the maximum contact pressure at the center of the contact area were calculated under the assumption of Hertzian elastic contact between the counterfaces.
From Tables III and IV , it seems that the maximum pressure at the center of the contact area for each sample with the AFM/LFM test is generally higher than that with the fretting test under the assumption of Hertzian elastic contact. It should be noted that a smooth surface of Si 3 N 4 ball has been assumed and further the diamond like carbon coatings have been treated as a smooth plate for the calculation of contact pressure in case of fretting test. In reality, the asperities with different heights and different sizes always stand on the surface. The contact pressures at these asperities may be much higher than those listed in Table IV . They were either first elastoplastically deformed or cut or they may first scratch the counterface to release the peak of the contact pressure. While in the case of AFM/LFM test, the cantilever tip has been modeled as a single asperity with a rounding up to 50 nm, which is near reality. Since the cantilever is very flexible along the normal direction and further the sharp point of the tip may also be bent slightly to follow the movement direction, the area of real contact is expected to be larger and the maximum contact pressure at the center of true contact area can be significantly lower than those tabulated in Table III . When all these facts are taken into account, absence of visible wear on the samples with the AFM/LFM measurement can be interpreted properly. Invisible wear does not mean no wear. Whether wear develops or not during the AFM/LFM test depends on the characteristics of the counterfaces. In a previous AFM/LFM measurement on a HOPG sample with a stiffer cantilever during a long run, slight wear was indeed noticed. The issues concerning wear with AFM/LFM need to be further investigated. 
IV. CONCLUSIONS
In a comparative study, the initial friction coefficients of mica and HOPG corresponding to the atomically smooth sample surface against a Si 3 N 4 ball in a fretting test are generally higher than those obtained in an AFM/LFM test with a Si 3 N 4 triangular cantilever on the corresponding materials. The coefficients of friction corresponding to the steady regime of fretting test are not comparable to the AFM/LFM results due to the wear, elastoplastic deformation, delamination of atom layers, material transfer or accumulation of such transferred materials on the counterbody surface. The effect of adhesive force on the friction can be helpful to understand the macrotribological behavior of materials under a lower normal load.
